Abstract. The M and S molecular forms of Anopheles gambiae are considered to be incipient species, despite residual gene exchange. Of the three small genome regions that are strongly differentiated between the molecular forms ("speciation islands"), two are located near centromeres, on the left arm of chromosome 2 and the X chromosome. To test the prediction of reduced recombination in these islands, we estimated recombination rates between microsatellite loci on the X chromosome using two M-form strains. Across most of the chromosome, recombination occurred at ∼1 centimorgan per megabase (cM Mb −1 ), a value closely matching the genome-wide average estimated for A. gambiae and for other eukaryotes. Recombination was much higher at the telomeric end, > 7 cM Mb −1 . In the speciation island at the centromeric end, recombination was sharply reduced to ∼0.2 cM Mb −1
INTRODUCTION
The Anopheles gambiae complex includes seven closely related sibling species showing different degrees of association with humans and major differences in their efficiency at transmitting human malaria parasites. Like a number of other animal and plant taxa that share overlapping ranges and experience some low level of genetic introgression, all except one member of the A. gambiae complex is distinguished by fixed chromosomal arrangements 1 that may have facilitated cladogenesis through their limiting effect on recombination. [2] [3] [4] A. gambiae sensu stricto (hereafter, A. gambiae), the nominal and most medically important member of the complex, is the principal vector of malaria in Africa, responsible for at least one million deaths and many more clinical episodes annually. 5 In West and Central Africa, this species appears to be in the process of further diversification into two assortatively mating "molecular forms" (provisionally named with a nonLinnaean nomenclature as the M and S forms) distinguished by fixed differences in the ribosomal DNA (rDNA) locus. 6 In contrast to most full species in the A. gambiae complex, the molecular forms do not differ by fixed inversions. However, the relationship between chromosomal inversions and emerging ecological or reproductive isolation observed in a growing number of taxa 7-9 may be viewed as an example of a more general relationship between recombination and speciation, which is modulated by a variety of genic and chromosomal features that impact recombination, including centromeres. 3, 10 Indeed, evidence for the involvement of centromeric regions in divergence between molecular forms M and S has been discovered recently. 11, 12 Significant levels of genetic differentiation seem to be restricted to three genomic "islands," the largest of which are two pericentromeric regions at the base of the X chromosome and the left arm of chromosome 2, respectively. 11, 12 However, the only recombination map for A. gambiae, 13 constructed with 131 microsatellite markers at an average distance of 1.6 centimorgans (cM), is uninformative for these regions. Herein we have built for the X chromosome, and with emphasis on the centromeric region, a genetic map based on 12 microsatellite markers genotyped for 362 individuals in three families. Reference to the draft genome sequence of A. gambiae 14 and integration with the data of Zheng, Benedict, and others 13 facilitated improved estimates of the relationship between physical and genetic distances.
MATERIALS AND METHODS

Mosquito crosses.
Single-pair crosses were performed between two laboratory A. gambiae M strains maintained in Rome: GASUA (Xag, 2R+, 2La, 3R+, 3L+ colony from Liberia) and GACAM (Xag, 2R+, 2L+, 3R+, 3L+ colony from Cameroon). To obtain single-pair matings, four virgin GASUA females and a single GACAM male were introduced into an 18-cm 3 cage where they were kept for 4 days with access to sugar. Subsequently, the females were bloodfed and allowed to oviposit individually; resulting progeny were reared to adults. Virgin F1 females were backcrossed to GACAM males using the same single-pair method. All P (grandparents), F1 (parents), and backcross progeny were preserved for genotyping. Breeding conditions were 12 hour light/dark photoperiod at 28°C and 90% relative humidity. All specimens were killed by freezing and preserved in tubes over desiccant at room temperature.
DNA extraction and microsatellite analysis. DNA from individual mosquitoes was extracted using the Wizard SV 96 genomic DNA purification system (Promega, Madison, WI) and resuspended in 50 L of eluent buffer. The 12 X-linked microsatellite markers used in this study (Table 1) were described previously. 13, 15 Forward primers were labeled with Beckman-Coulter dyes (D2, D3, and D4; Invitrogen, Carlsbad, CA).
PCR was performed in a GeneAmp 9600 thermal cycler (Applied Biosystems, Foster City, CA) as previously described. 15 After PCR, reaction products from up to eight distinct microsatellite loci were pooled, according to the expected non-overlapping size of the products. For each pool, aliquots (0.5-1 L) of each PCR reaction and 0.3 L of a 400-bp size standard (Beckman-Coulter, Fullerton, CA) were added to 25 L of SLS buffer (Beckman-Coulter). PCR products were resolved by capillary electrophoresis on a CEQ8000 System (Beckman-Coulter) according to manufacturer recommendations. Allele sizes were determined using the CEQ8000 fragment analysis software. Genotyping data were analyzed using the Kosambi map function with a LOD threshold of 1 in JoinMap® software, version 3.0. 16 
RESULTS AND DISCUSSION
A total of 90 single-pair crosses were attempted, of which 27 (30%) resulted in the insemination of at least one female. In 9 cases (10%), the single male was able to inseminate multiple females in the cage. The ability of A. gambiae to mate in laboratory conditions without a swarm is consistent with Benedict and Rafferty. 17 The unassisted pair mating method is a major improvement on forcible pair mating, 18 a tedious and often unsuccessful procedure that has constrained experimental approaches reliant on individual genetic crosses.
Genotyping of 12 loci was performed for 362 progeny from three backcrosses. In one backcross family, amplification of one of the alleles at locus H503 failed in multiple siblings. To avoid biasing the genetic distance estimates, genotypes for H503 from this one family were omitted from additional data analysis. Genotype data were analyzed separately for each family. Because no inconsistencies in the resulting maps were detected, the data were combined to produce a composite map.
Where sufficient recombination events allowed resolution of genetic map locations, the composite map recapitulated the known physical order of the microsatellite loci (Table 1) . However, the recombination rate as a function of physical distance varied widely by position on the X chromosome (Figure 1) . Previously, Zheng, Benedict, and others 13 noted that markers from divisions 3 and 4 span almost two-thirds of the genetic map of this chromosome. Consistent with their results, H503 and H53 in division 4 are physically < 2 Mb apart but are genetically > 13 cM apart, whereas the loci in pericentromeric divisions 5 and 6 span > 5 Mb of the physical map but < 4 cM on the genetic map. Considering the X chromosome data of Zheng and others 13 jointly with those of the present study in the context of the A. gambiae physical map reveals that the recombination rate varies from > 7 cM Mb −1 at the telomeric end of the X to ∼0.2 cM Mb −1 in division 6 at the centromeric end.
Both the general pattern and the magnitude of recombination across the acrocentric X chromosome of A. gambiae are consistent with findings from Drosophila and humans. 19, 20 However, the pattern of elevated recombination at the telomeric end of this chromosome is not found on either arm of chromosome 3 ( Figure 2 ) or on the right arm of chromosome 2 (2R; not shown), based on the data of Zheng and others. 13 Mapping the genetic distances against physical distances produces linear relationships for 3L, 3R, and 2R, with very similar recombination rates on all three of these arms (1.3, 1.6, and 1.3 cM Mb −1 , respectively). These average recombination rates, and that for the middle of the X (∼1 cM Mb −1 ), are very similar to the average rates for Drosophila (1.5 cM Mb −1 ) 19 and humans (1.1 cM Mb −1 ). 21 Chromosomes 3L, 3R, and 2R, like the X, seem to show strong "centromere effects" on recombination rate (e.g., ∼0.2 cM Mb −1 across the centromere of chromosome 3, as judged from the slope in Figure 2 ). Polymorphism for inversion 2La in back-cross individuals presumably obscured the relationship between genetic distance and physical distance on chromosome 2L. 13 Obtaining a detailed map of recombination rates across the A. gambiae genome, well beyond the resources of the present study, will require homokaryotypic and homosequential strains, abundant markers such as single-nucleotide polymorphisms, and a greatly expanded collection of meiotic events.
The M and S forms of A. gambiae are considered to be in the earliest stages of speciation, where ecological and repro- * For detailed information on the "H-" and "ND-" loci, see Zheng and others 13 and Stump and others, 15 respectively. FIGURE 1. Comparison of genetic and physical distances of markers on the X chromosome. Gray squares, data from present study; black diamonds, data from Zheng and others. 13 Recombination rate is reflected by the slope. ductive isolation are present but incomplete. A divergence with gene-flow model predicts that significant differentiation between these taxa should be limited to regions of the genome containing the gene(s) directly responsible for their isolation, with introgression of these genes barred owing to negative fitness consequences for mating or survival. 22, 23 Assuming the presence of multiple co-adapted genes bearing on ecological and reproductive isolation, their co-localization to regions of low recombination should impede re-assortment and thereby facilitate continuing isolation. Our data have shown that recombination in the M form is reduced by at least 5-fold due to "centromere effects," to which the speciation island on the X chromosome is subject. Although we did not study the S form or the centric region of chromosome 2L, it is likely that a similar pattern applies. Sequence analysis in the centromere-proximal X chromosome island of M and S molecular forms has revealed an extreme pattern of fixed differences without shared polymorphisms, the converse of the pattern seen outside of the islands. 11, 12 Both empirical evidence and coalescent simulations using conservatively low (10-fold) reductions in recombination rate and effective population size suggest that the lack of shared polymorphisms in this pericentromeric region cannot be explained by reduced recombination alone, despite its characteristically low levels of variation. 11, 12 Rejection of neutral evolution implies that selection also is acting against postzygotic incompatibilities, ecological and/or reproductive. Therefore, scanning for the molecular signature of natural selection within the speciation islands should provide a means to identify those genes underlying speciation in A. gambiae. 
